• Compared with TBI, IV-BU resulted in superior survival with no increased risk for relapse or TRM.
Introduction
Cyclophosphamide (CY) combined with ablative doses of total body irradiation (TBI) or the oral alkylating agent busulfan (BU), have been the main conditioning regimens for allogeneic hematopoietic cell transplantation (HCT) for patients with myeloid malignancies. 1, 2 Limited randomized trials in the 1990s suggested that in some settings such as sibling donor transplants for acute myeloid leukemia (AML) in adults, TBI was superior with lower relapse rates and less nonrelapse mortality risks. 3, 4 For chronic myelogenous leukemia (CML) in the chronic phase, though, the 2 regimens provided similar outcomes. 5 In the last decade, intravenous busulfan (IV-BU) has increasingly replaced oral BU in conditioning regimens for allogeneic HCT. IV-BU is associated with more predictable pharmacokinetics (PK) and, in some studies, has improved the tolerability of myeloablative BU/CY. [6] [7] [8] The substitution of fludarabine (FLU) for CY has led to the development of the "reduced-toxicity" myeloablative FLU/BUconditioning regimen. Other advances during the last several decades have also contributed to generally superior outcomes after allogeneic transplants. 9 Despite its increasing use, no prospective studies have been performed comparing IV-BU vs TBI-based myeloablative HCT. We performed a large prospective cohort study to test the hypothesis that survival of patients receiving myeloablative IV-BU-based conditioning regimens before a related or volunteer unrelated donor allogeneic HCT for AML, myelodysplastic syndrome (MDS), or CML is not inferior to the recipients of ablative TBI-based regimens.
Methods

Study design
This study was a prospective multicenter cohort study comparing myeloablative IV-BU with TBI-based regimens in patients with myeloid malignancies There is an Inside Blood commentary on this article in this issue.
undergoing matched related or unrelated donor blood or bone marrow transplants. Patients CIBMTR transplantation centers from North and South America were invited to participate. Enrollment started March 2009, and data reporting from participating centers were screened for eligibility to enter the study cohort. Eligible patients were selected for comprehensive CIBMTR data reporting track plus additional study-specific data collection of practices related to IV-BU administration. Data reporting and enrollment were monitored monthly during the study period, and compliance with forms reported was greater than 95%.
Eligibility
Patients eligible for enrollment met the following criteria: i) age #60 years; ii) undergoing first allogeneic blood or bone marrow HCT; iii) HLAmatched related or volunteer unrelated donor; iv) diagnosis of AML, MDS, CML; v) graft-versus-host disease (GVHD) prophylaxis that included a calcineurin inhibitor (CNI); vi) consensus criteria ablative pretransplant conditioning regimen that was based either on IV-BU (.9 mg/kg) plus CY ($60mg/kg) or FLU ($80 mg/m 2 ) or was based on TBI ($500 cGY single fraction or $800 cGY fractionated) plus CY ($60 mg/kg) or etoposide ($30 mg/kg). 11 Informed consent was obtained in accordance with the Declaration of Helsinki.
Study end points and definitions
The primary outcome was survival duration. Other outcomes included neutrophil and platelet recovery, progression-free survival (PFS), treatment-related mortality (TRM), relapse or progression, incidence of veno-occlusive disease/ sinusoidal obstruction syndrome (VOD/SOS), incidence and severity of acute GVHD (aGVHD), incidence of chronic GVHD (cGVHD), incidence of interstitial pneumonitis (IPN), and incidence of severe renal toxicity requiring dialysis and cause of death.
Neutrophil recovery was defined as the first of 3 consecutive laboratory values obtained on different days with an absolute neutrophil count $0.5 3 10 9 /L without growth factor support. Platelet recovery was defined as the first of 3 consecutive laboratory values obtained on different days with platelets $ 20 3 10 9 /L without platelet transfusions for 7 days immediately preceding this date. TRM was defined as death from any cause without evidence of relapsed disease. Relapse was defined as reoccurrence of disease after a complete response. Among patients who presented with active disease at the time of transplant (advanced disease) if no complete remission was documented after HCT, the date of disease progression was input as day 11 posttransplant. For patients with leukemia in remission at the time of transplant, relapse was determined whether the disease was morphologically evident or if the treating physician elected to initiate treatment in the setting of cytogenetic or molecular relapse. For the purposes of the analysis, disease progression and relapse were considered as the same event. For PFS, patients were considered to experience failures at the time of relapse, progression, or death from any cause. For survival, the event was death from any cause. For unrelated donors, "well-matched" was defined as no known disparity between donor and recipient at HLA-A, B, C, and DRB1 (8/8), partially matched as 1 known or 1 likely disparity and mismatched as $2 disparities. 12 Disease status was classified as early (patients in first complete remission or first chronic-phase CML, refractory anemia with or without ringed sideroblasts); intermediate (patients in second complete remission or higher, second chronic phase); and advanced (patients with active leukemia [relapse or primary induction failure], accelerated-phase or blast-crisis CML, or refractory anemia with excess blasts).
Statistical analysis
The primary objective of this cohort study was to test the noninferiority of survival between IV-BU and TBI-based myeloablative regimens. The targeted accrual was 1460 patients at an accrual rate of 730 patients per year. This sample size provided 80% power to detect a noninferiority threshold comparing overall mortality after IV-BU with TBI-based regimens on a hazard ratio (HR) scale of 1.26.
Patient, disease, and treatment characteristics were summarized by a conditioning regimen with continuous variables described by median and range and categorical variables described by frequency and percentage. Probabilities of survival and PFS were calculated using the Kaplan-Meier estimator. 13 Probabilities of neutrophil and platelet recovery, aGVHD, cGVHD, TRM, and relapse were calculated using the cumulative incidence function to accommodate competing risks. 13 For neutrophil and platelet recovery, aGVHD, and cGVHD, death without the event was considered the competing risk. For TRM, relapse was the competing event, and for relapse, TRM was the competing event. In all analyses, patients without an event were censored at last follow-up.
In multivariate analysis, the risk for overall morality (inverse of survival), treatment failure (inverse of relapse-free survival [RFS]), TRM, relapse, grade 3 to 4 acute GVHD, and cGVHD were compared between conditioning regimens using the Cox models. 13 The proportional-hazard assumption was evaluated for all variables. The final models were stratified on disease type, donor type, and performance score that did not meet the proportionality assumption. Adjusted survival and RFS curves were generated based on the final Cox model using the method of Zhang et al. 14 Multivariate Cox models were built using stepwise selection procedures with the conditioning regimen included in all steps of model building. All variables with a P value #.05 were included in the final models. 
(GVHD prophylaxis (CNI 1 methotrexate [MTX] vs CNI 1 MTX 1 other vs CNI 1 mycophenolate mofetil (MMF) 6 other vs CNI 6 other (no MTX, MMF)), and antithymocyte globulin (ATG)/Campath (yes vs no). Interactions between the conditioning regimen and other covariates were tested for in all models. None was found to be statistically significant. All treatment effects were stated as HR with a 95% confidence interval (CI). Post hoc comparison of 2-year survival probabilities between IV-BU and TBI-based regimens by disease and disease status was performed. An additional subset analysis within the IV-BU cohort comparing survival, RFS, TRM, and relapse between BU/CY vs FLU/BU was conducted using the Cox models. Patient, disease, and transplant characteristics were also compared across these 2 IV-BU-containing regimens. Analyses were done using SAS software version 9.1 (SAS, Cary, NC).
Results
Accrual
From March 2009 to February 2011, a total of 1483 eligible patients were enrolled from 120 transplantation centers (IV-BU, N 5 1025 and TBI, N 5 458).
Patient characteristics
Patient, donor, disease, and treatment characteristics are shown in Table1. The IV-BU and TBI groups were well balanced with respect to age (median age, 45 years), gender (50% women), race (88% Caucasian), performance status (68% in more than 90 patients), and comorbidities. Most patients had AML (68% BU and 78% TBI). The disease status was early (51%), intermediate (18%), and advanced (31%) and was similar in the cohorts. Transplants were performed primarily with peripheral blood grafts (77%) from either related (40%) or well-matched unrelated (48%) donors. Donor age, gendermatching, and donor-recipient CMV status were similar between the cohorts. For GVHD prophylaxis, the CNI was most commonly combined with short-course MTX (79%).
IV-BU was most commonly given in combination with CY (59%). Dosing of BU was more often 4 times a day with CY (82%) and more commonly once a day with FLU (78%). ATG or Campath was used as part of the conditioning regimen or GVHD prophylaxis in 33% of patients in the IV-BU group and in 17% of patients in the TBI group. BU PK was performed in 56% of patients; in 78%, PK resulted in dose adjustment. PK testing was most commonly performed with a BU dosing of 4 times per day (63%). Of 103 centers that used IV-BU regimens, 54 centers performed PK in all patients, 26 centers performed PK in selected patients, and 23 centers never performed PK.
Survival duration
The 2-year probabilities of survival were 56% (95% CI, 53%-60%) and 48% (95% CI, 43%-54%) for IV-BU and TBI-based regimens, respectively (P 5 .019) ( Figure 1A ). Survival curves according to ALL, acute lymphoblastic leukemia; CSA, cyclosporine A; Tacro, tacrolimus. *Higher doses were in pediatric patients. †Higher doses were in a dose-escalated trial at a single center.
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For personal use only. by RAUL RIBEIRO on December 30, 2013. bloodjournal.hematologylibrary.org From diagnosis and disease status are shown in Figure 2A -B, respectively. For patients with AML patients, the 2-year survival rate was 57% (95% CI, 53%-61%) and 46% (95% CI, 40%-52%) in the IV-BU and TBI-based regimens, respectively (P 5 .003). Two-year survival duration was not different for patients with MDS or CML based on conditioning. For patients with early disease, the 2-year survival rate was 64% (95% CI, 59%-69%) and 51% (95% CI, 42%-59%) for IV-BU and TBI-based regimens, respectively (P 5 .006). Survival duration was not different for patients with intermediate or advanced disease based on conditioning regimen. In multivariate analysis, IV-BU-based conditioning was associated with a decreased risk for death (HR, 0.82; 95% CI, 0.68-0.98; P 5 .03) compared with TBI-based conditioning. In addition to conditioning, other factors associated with an increased risk for death included older age, race other than Caucasian, and a HCT comorbidity index score .3 (Table 2 ).
PFS
Two-year probabilities of PFS were 48% (95% CI, 45%-51%) and 42% (95% CI, 37-47) for IV-BU and TBI-based regimens, respectively (P 5 .063) ( Figure 1B) .
In multivariate analysis of treatment failure, IV-BU was equivalent to the TBI-based regimen (Table 2) .
Engraftment
The cumulative incidence of neutrophil recovery at day 28 were 96% (95% CI, 95%-97%) and 93% (95% CI, 90%-95%) for IV-BU and TBI-based regimens, respectively (P 5 .01). Corresponding cumulative incidences for platelet recovery at day 28 were 76% (95% CI, 74%-79%) and 73% (95% CI, 69%-77%), respectively (P 5 .147).
Toxicities and TRM
The 100-day cumulative incidences for VOD/SOS were 5% (95% CI, 4%-6%) and 1% (95% CI, 0%-3%; P , .001); for IPN, 4% (95% CI, 2%-5%) and 6% (95% CI, 4%-8%; P 5 .055); and for renal failure requiring dialysis, 6% (95% CI, 4%-7%) and 7% (95% CI, 5%-10%; P 5 .243) for IV-BU and TBI-based regimens, respectively.
Corresponding 2-year cumulative incidences of TRM were 18% (95% CI, 16%-21%) and 19% (95% CI, 15%-23%; P 5 .75), respectively ( Figure 1C) .
In multivariate analysis for TRM, IV-BU was similar to TBIbased regimens (Table 2) .
GVHD
The 100-day cumulative incidences of grades 2 to 4 acute GVHD were 46% (95% CI, 43%-49%) and 51% (95% CI, 46%-55%; P 5 .128), and grades 3 to 4 acute GVHD were 18% (95% CI, 16%-21%) and 23% (95% CI, 19%-27%; P 5 .052) for IV-BU and TBI-based regimens, respectively. Corresponding 1-year cumulative incidences of cGVHD were 44% (95% CI, 41%-47%) and 42% (95% CI, 37%-46%; P 5 .397), respectively. Multivariate analysis shows no treatment effect on grade 3 to 4 acute GVHD (0.81; 95% CI, 0.63-1.05; P 5 .11) and no treatment effect on cGVHD (HR, 1.07; 95% CI, 0.90-1.29; P 5 .44). Additional variables associated with GVHD outcomes are shown in supplemental Tables 1 and 2 .
Disease relapse/progression
The 2-year cumulative incidences of disease relapse/progression were 34% (95% CI, 31%-37%) and 39% (95% CI, 34%-44%; P 5 .084) for IV-BU and TBI-based regimens, respectively ( Figure 1D ). In multivariate analysis for disease relapse, IV-BU was equivalent to the TBI-based regimen ( Table 2) .
Causes of death
Causes of death as reported by the transplant center were similar in the 2 cohorts and are outlined in Table 3 .
BU/CY vs FLU/BU
There were some differences between the patients conditioned with BU/CY and FLU/BU. Patients receiving BU/CY were younger, with 22% of these patients being younger than 20 years vs 6% for patients receiving FLU/BU. Patients undergoing BU/CY also had a greater proportion with a performance score of 90 to 100 and an HCT comorbidity index score of 0 to 3. Patients receiving BU/CY more commonly received a bone marrow graft. IV-BU was administered every 6 hours in 82% of recipients of BU/CY vs daily in 78% of recipients of FLU/BU (supplemental Table 3 ). Despite these differences, in multivariate analysis, study outcomes did not differ between patients receiving BU/CY-based vs FLU/BU-based conditioning, including overall mortality (HR, 0.95; P 5 .63), treatment failure (HR, 1.02; P 5 .81), relapse (HR, 0.96; P 5 .75), and TRM (HR, 1.14; P 5 .44). In addition, the incidence of VOD was not different between the BU/CY and FLU/BU cohorts (5% vs 4%; P 5 .53)
Discussion
The practice of HCT is in continual evolution as new therapies are developed, evaluated, and reported in the literature. Although it is not feasible to test every development in prospective trials, it is problematic to apply results of outdated studies to current practice. The last randomized trial comparing CYTBI with BU/CY was reported more than 15 years ago. Since then, numerous changes have been introduced and general transplant results have improved for almost all patient groups. 9, 10, 15 More has also been learned regarding the late effects of transplant conditioning. [16] [17] [18] A gradual decrease in ablative TBI-based transplants and an increase in IV-BU-based transplants have occurred without supportive prospective data comparing the approaches.
Although a randomized controlled trial is the reference standard for comparing treatments, such a trial was considered unlikely to accrue based on physician bias and competition for limited resources. Instead, using the data collection capabilities of the CIBMTR, we conducted a large prospective cohort study with strict eligibility and reporting requirements and adjusted for differences between the groups using standard multivariable statistical methods.
Our study was designed to test, in the modern era, the noninferiority of IV-BU-based vs TBI-based myeloablative conditioning For personal use only. by RAUL RIBEIRO on December 30, 2013. bloodjournal.hematologylibrary.org From for allogeneic transplantation. We included several common BUbased and TBI-based regimens in the 2 cohorts; of note, there were not significant outcome differences between the regimens in each group. Specifically, our hypothesis was that IV-BU-based conditioning does not lead to inferior survival compared with TBI-based conditioning for patients with AML, MDS, and CML receiving related or volunteer unrelated donor grafts. The results strongly support this hypothesis. The data actually suggest a possible advantage to using IV-BU in this patient population. This advantage was most evident in patients with early-stage disease and AML.
Among IV-BU-containing regimens, some studies suggest that FLU/BU results in lower regimen-related toxicity compared with BU/CY. [19] [20] [21] [22] Results from a recently reported prospective randomized trial found similar nonrelapse mortality rates but improved survival outcomes with BU/CY compared with FLU/BU. 23 The current study demonstrated that FLU/BU most commonly used IV-BU once daily, and it was administered to older patients and a higher proportion of patients with a lower performance score or a higher HCT comorbidity index. Despite these differences in the populations, the outcomes between FLU/BU and BU/CY were similar. Thus, this subset analysis supports that the 2 most commonly used non-TBI regimens are equivalent, despite differences in practices on when they are generally selected.
Adverse outcomes were similar with IV-BU-based and TBIbased approaches with slightly lower rates of TRM and relapse with IV-BU, although they did not reach statistical significance. There was a higher incidence of VOD/SOS with IV-BU. Other toxicities including IPN, the need for dialysis by 1 year posttransplant, cGVHD, and causes of death were remarkably similar in the 2 cohorts. The multivariate analyses on severe acute GVHD (grades 3-4) and cGVHD showed no benefit for IV-BU. ATG/Campath was more commonly included with the FLU/BU regimens as developed by Russell et al. 20 The use of ATG/Campath did not significantly affect survival or relapse outcomes. However, in the GVHD multivariate models, the use of ATG/Campath was associated with lower rates of acute and cGVHD (supplemental Tables  1 and 2 ). Unfortunately, we do not have the details of IV-BU dose adjustments for patients undergoing PK testing. Toxicity and TRM are known to be increased in patients with high levels of BU, whereas relapse and graft rejection increase with low levels. [24] [25] [26] Prospective cohort studies are capable of accruing large number of patients and of measuring outcomes of contemporary transplant practices. Approximately 80% of patients undergoing transplantation in the United States who met eligibility criteria for the study during the accrual period were enrolled on this trial, providing an evaluation of these treatment approaches in the real world. In addition, data completeness approaching 100% through active monitoring outlines a novel and robust application of the CIBMTR infrastructure and outcomes database to address transplantation questions. These feature of a prospective cohort study address some of the pitfalls often assailed against retrospective cohort studies, particularly retrospective eligibility determination, data accuracy, and completeness. Although the issue of treatment assignment vs random selection will always remain for cohort studies, in this study, the similarities between the treatment groups and the ability to perform a robust statistical analysis because of the large sample size mitigate these concerns. Furthermore, it is unlikely that a randomized controlled trial of TBI-based vs IV-BU-based conditioning will ever be performed; we must work with the tools at hand.
For patients meeting the eligibility and practice approach of this study, IV-BU-based conditioning was not inferior to TBI-based conditioning. This information is helpful to clinicians for choosing conditioning regimens and counseling patients. The results went further to suggest that IV-BU resulted in a small but significant improvement in survival duration. The role of BU PK as part of such an approach requires further study. Future studies are required to understand the mechanism by which IV-BU-based regimens resulted in superior survival outcomes for patients with early-stage disease and AML in our study. Other causes 28 (8) 14 (6) ARDS, adult respiratory distress syndrome; IPS, idiopathic pneumonia syndrome.
